On the basis of the Naheng Reservoir Project, the stress, strain, and deformation of Naheng Reservoir cemented sand and gravel dam are simulated numerical simulation and structural model test. The stress and deformation laws of the dam under the combined load of dead weight and normal water level are analyzed using the structural model test method. Compared with the finite element numerical simulation, the results reflect the stress and deformation distribution law of the dam. Then, the failure mode of the cemented sand and gravel dam can be visualized by using the water load overload method to conduct the structural model failure test, and the failure mode and failure mechanism of the cemented sand and gravel dam can be discussed. The research results lay a foundation for further determining the safety degree analysis of cemented sand and gravel dam.
Introduction
In recent years, with the development of hydropower construction in China, the state has gradually shifted the focus of hydropower construction to the western region. The cemented sand and gravel(CSG) dam has many advantages [1] [2] [3] , such as low stress level, large relative volume, dam body symmetry, dam structure stability, etc., which is *Corresponding Author: Xin Chen: College of Water Resources & Hydropower, Sichuan University, Chengdu 610065, China; Email: 393871958@qq.com Zhaoqiang Wang: College of Water Resources & Hydropower, Sichuan University, Chengdu 610065, China considered by international dam experts to be a dam with good seismic performance. Cemented sand and gravel (CSG) dam construction technology is similar to RCC dam construction technology, and the construction method is the same. As the maximum particle size of coarse aggregate can reach 250mm or 300mm, its compaction thickness can generally reach 40~60cm, which can significantly accelerate the roller compaction speed [4] . However, the research on this type of dam in China has just started, and the existing research results in China cannot meet the requirements of practical applications such as design and construction. The theoretical for structural performance, material performance and failure mechanism of cemented sand and gravel dam is not enough, which restricts the development of this type of dam.
Therefore, on the basis of the Naheng Reservoir Project, the stress, strain and deformation of Naheng Reservoir cemented sand and gravel dam are simulated by using the method of numerical simulation [5] [6] [7] [8] [9] [10] [11] [12] [13] and model test [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The stress and deformation laws of the dam under the combined load of dead weight and normal water level are analyzed by using the structural stress model test method. Compared with the finite element numerical simulation, the results reflect the stress and deformation distribution law of the dam. Then, the failure mode of the cemented sand and gravel dam can be visualized by using the water load overload method to conduct the structural model failure test, and the failure mode and failure mechanism of the cemented sand and gravel dam can be discussed. The research results lay a foundation for further determining the safety degree analysis of cemented sand and gravel dam.
Project Profile
The Naheng Reservoir Project is located in the upper reaches of Naheng River, a first-grade tributary of the Naheng River in Funing County, Yunnan Province, near Nagheng Village. The total storage capacity of the reservoir is 12.48 million m3, the normal storage level of the reservoir is 963.80m, the corresponding downstream water level is 900.00m, the designed flood level is 965.06m, the corresponding downstream water level is 902.96m, the checked flood level is 966.04m, the corresponding downstream water level is 903.51m, and the dead water level is 928.16m. The design scheme of Naheng Reservoir cemented sand and gravel dam is as follows. The height of the dam crest is 967.00m, the height of the wave wall is 968.20m, the lowest height of the foundation is 892.50m, the highest height of the dam is 74.50m, and the axis length of the dam is 167.00m. It is divided into five sections, the longest section of the dam is 48.00m, the smallest section is 26.00m, and the width of the dam crest is 6.00m. The upstream slope of the dam body above the elevation of 956.00m is a straight slope and the slope below is 1:0.6, while the downstream dam slope is 1:0.6 and the elevation of the starting point is 956.00m.
Finite Element Modeling of Deformation and Stress Characteristics

Finite Element Model
The three-dimensional finite element calculation range of Naheng Reservoir cemented sand and gravel dam is as follows: take 127m upstream from dam heel (i.e. about 2 times the dam height from upstream boundary to dam heel) and 127m downstream from dam toe (i.e. about 2 times the dam height from downstream boundary to dam toe). Take 127m straight down from the foundation surface. In ANSYS modeling, the coordinate system is defined as:
X axis: along the river, from upstream to downstream; Y axis: lead upward, from the bottom to the surface; Z axis: horizontal river direction, from left bank to right bank.
The boundary conditions are as follows. The bottom of the bedrock is subject to three-direction constraint; oneway constraint of X direction is applied to the two sides of the normal direction in the X direction, and one-way constraint of Z direction is applied to the two sides of the normal direction in the Z direction.The model adopts eightnode hexahedral elements, with a total of 77,490 nodes and 67,797 elements. The calculation model is shown in Fig 
Constitutive model
Cemented sand and gravel materials have similar stressstrain curves with concrete materials, so ANSYS elastoplastic d-p model can be used as the constitutive model of cemented sand and gravel dam body and foundation materials for nonlinear numerical simulation. The d-p yield criterion can be expressed as:
Where, σe is the modified equivalent stress, β is the material constant, σm is the average stress, {S} is the deviant stress, and [M] is the constant matrix. The material constant β and yield strength σy can be calculated by equations (2) and (3) respectively:
In addition, when the elastic-plastic d-p model is used in ANSYS, the value of dilation angle ϕ f should also be input. In this simulation calculation, the dilation angle is set to equal to the angle of internal friction, subject to the associated flow law, and the internal friction angle is expressed by the friction coefficient.Initial material simulation calculation parameters of dam body, foundation 1 and foundation 2 are shown in Table 1 , with deep foundation as foundation 2 and shallow foundation as foundation 1.
Structural Model Test
The stress distribution and structural characteristics of CSG dam foundation under normal operation condition are studied physical model test. In order to realize the research content, the structural stress model test method is adopted. As the structural model requires the measured deformation to be converted into stress through hooke's law, the linear elastic gypsum material is used to make the dam model according theory. The stress model test of dam structure is carried out to analyze the stress distribution of CSG dam body and foundation under normal operation, and the loading and measuring system of model state is tested to explore the rationality of model test design.
Structural model test scheme
The failure test of structural model is divided into elastic stage and plastic stage. According to the requirements of similarity theory, the model must meet the stress deformation and the strength characteristics similar to the prototype in both elastic-plastic stage. According to the elastic mechanics, the model should be similar to the prototype in terms of the physical equation, geometric equation and boundary conditions when the structure is in the elastic stage after being stressed. Similarly, the stress and strain of the model in the plastic stage still follow the boundary conditions, equilibrium equation, and geometric equations, so the similarity relationship derived from the geometric equations, equilibrium equation, and boundary conditions is still applicable in the plastic stage. However, since the relationship between stress and strain in the plastic stage no longer obeys law in the elastic stage, it is necessary to deduce the corresponding similarity relationship according to the physical equation in the plastic stage. In addition, the failure test also requires that the strength characteristics of the model should be similar to the prototype. The model size determined by the above similarity relation can truly reflect the stress characteristics and overload failure.
In this test, a typical section of CSG dam was selected for simulation. Figure 2 a typical section of non-spillway dam section, the dam height is 59.3m and the upstream downstream slope ratio is 1:0.6. The test loads are dead weight, static pressure, and uplift pressure. It is assumed that the uplift pressure is reduced to of the water head at the drainage hole curtain of dam heel, and the uplift pressure is distributed linearly at the bottom of dam. Due to the limitation of uplift pressure simulation in structural model, is simulated by reducing the dead weight of dam body. By referring to the material mechanics parameters of the dam body like CSG dam and the engineering geological data of the bedrock rock mass in the Naheng reservoir dam, and considering the loading capacity of the actual test and the material properties, the dam and foundation material mechanics are determined comprehensively in the following Table 2 .
The objects of this test are the typical non-overflow dam section and foundation of CSG dam, and the width of the dam section and foundation is 28m. In order to meet the requirements of structural model test, the dam body gypsum density is 0.801g/cm 3 , the elastic modulus is 348.34 MPa, the dam foundation gypsum density is below the foundation is 1.28 times the dam height. According to the prototype material parameters table, the model material parameters are obtained through similarity scale conversion, as shown in Table 3 . The dam and foundation size determined according to the geometric scale are shown in Figure 3 , and the actual dam model is shown in Figure 4 .
Simulated load and loading system
The main loads simulated by the test are the dead weight of the dam and the water pressure on the upstream dam surface. First, load of the prototype is calculated, and vertical load applied on the model and the water load on the upstream dam surface the similarity principle. Gypsum is lighter and cannot meet bulk density similarity. Gravity load similarity is realized by applying external force. In the test, a lifting block is adopted at the center of gravity of the dam body. The water load on the upstream dam surface is applied by the jack in the test, and the load is transmitted to the dam surface by the pressure plate in two times.
Load simulation and loading system layout drawings 5 and 6 are shown. In the process of water loading on the upstream dam surface, two horizontal bars are used to distribute the concentrated load of the jack. The force of a jack is distributed to two operating points. The upper load is of the total load, and the lower iron bar bears of the load. In order to make the concentrated force act on the model uniformly, the transmission pressure plate is set to coincide with the dam face. At the same time, the contact surface between the pressure plate and the dam body is laid with plastic sheets to reduce the mutual friction restraint. 
Model measurement system
The measuring system of the model is divided into strain measuring and displacement measuring system of dam body and dam respectively. The strain is monitored by resistance strain gauge. At the same time, a compensation plate is set to eliminate the temperature effect.Numerical testing device UCAM-70A to measure data. Five strain measuring points are arranged on the dam foundation. At the same time, two strain measuring points are arranged on the dam heel and toe respectively, and a row of measuring points are also arranged on the dam foundation near the foundation plane. SP-10A displacement digital indicator was used to measure the surface displacement of the dam body. Horizontal and vertical displacement sensors are arranged at dam height respectively on the left and right sides of the upstream face of the dam. Horizontal and vertical displacement sensors are arranged at the top of downstream dam, the turning point of downstream dam and 1/2 dam. The measurement arrangement is shown in Figure 7 .
The test process
Before the formal test, the model is preloaded repeatedly to eliminate the gap between additional deformation and various parts of the model, and then the incremental pressure method is applied step by step. In this experiment, a steel rod is used to simulate the dead weight. 8~10 minutes after loading and unloading of each level of load, so that the stress and strain distribution of the dam body is uniform.
Comparison and Analysis between the Experimental Results and the Finite Element Numerical Simulation
Comparison and analysis of stress deformation results of dam body under dead weight and normal water level
According to the test, the strain and displacement of the corresponding measuring point are obtained. Hooke's law is used to convert the collected strain data into the stress in the dam, and then the model stress and displacement are converted into the stress and displacement of the prototype dam according to the similar relationship. The stress and displacement distribution of the dam body under dead weight and normal water level are shown in Figure 8 and Figure 9 . Figure 10 and 11 are the stress vector diagram and displacement diagram of the corresponding measuring point of the cemented sand and gravel dam body obtained by finite element calculation under the same condition. In the stress diagram, the tensile stress is positive and the compressive stress is negative. In horizontal displacement, a positive value represents a downstream shift. In horizontal displacement, a positive value represents a downstream shift. Table 4 and Table 5 respectively show the comparison of point stress and displacement calculation results of corresponding test and finite element.
As can be seen from Figure 8 , the dam body and foundation are all under pressure on the whole, and only a tensile stress appears at the heel. From heel to toe, the com- pressive stress of the dam body gradually increases, especially in the toe of the dam. The compressive stress in the middle of the dam body changes little and is distributed evenly. The foundation of the dam is under pressure and is at its maximum downstream. Figure 10 shows the results of finite element calculation under the same condi- tions. The dam body and foundation are also under compression, and only tensile stress appears at the lower dam foundation of dam heel. According to Figure 9 , the vertical displacement of the dam body is all negative, and the horizontal displacement of the dam body is all positive, Figure 11 , the horizontal displacement of measuring point 5 is also negative, and the law is consistent. Table 4 compares the results of the test and the finite element stress calculation, and the main stress distribution law reflected by the test is basically reasonable. From the direction of the principal stress vector, the compressive stress values obtained by the test and calculation are in order of magnitude consistent. Table 5 compare the results of the test and the finite element displacement calculation, the displacement distribution law reflected by the test is reasonable. The experimental value is smaller than the finite element value, but it directly reflects the regularity of dam stress and deformation distribution. 
Stress deformation results and analysis of dam body under overload condition
In order to study the failure mechanism and destructive state of dam structure under overload condition, the test scheme is improved. The loading mode and measuring system layout of the improved test model are shown in. The curve of displacement measured by the dam with overload multiple is shown in Figure 14 and Figure 15 .
In the horizontal displacement, the positive value represents the downstream displacement and in the vertical displacement, the positive value represents the vertical upward displacement. As can be seen from Figure 14 , the vertical displacement value of each measurement point is negative, indicating that the dam body is shifting downward. When the overload multiple Kp=1.0~4.0, the vertical displacement value of the dam body is small and changes little. When 4.0<Kp<6.0, the vertical deformation value of dam body increases. When Kp>6.0, the vertical deformation and displacement of the dam body increase again, and the deformation curve shows a linear growth trend. With the increase of overload times, the downward displacement value of dam body increases gradually.
It can be seen from Figure 15 that, except for the negative horizontal displacement at measuring point 6, the measured values at the other points are all positive, indicating the downstream displacement of the dam. The horizontal displacement of point 2 is larger than that of point 4, indicating that the downstream dam foundation tends to shift upstream. When the overload multiple Kp=1.0~3.0, the horizontal displacement of the dam body is small, no change. When Kp>3.0, the horizontal displacement of the dam body shows an increasing trend. When Kp>7.0, the horizontal displacement of dam body does not change. It can be seen from the figure that the horizontal displacement of the upstream of the dam is larger than that of the downstream, and the maximum horizontal displacement of the dam occurs in the middle and lower part of the upstream. During the process of overload, the horizontal displacement of the dam body changes to the downstream. With the increase of overload times, the downstream displacement of the dam is more. When more than a certain number of increase, the dam body to the downstream change little.
Discussion on failure pattern and failure mechanism
Due to the structural model test using gypsum, there will be no obvious plastic deformation in the process of over-load, therefore in the change of displacement with the overload ratio no obvious turning point on the curve or large deformation stages, in order to get the overload failure mechanism of the dam body and sex, at the same time in order to prevent the dam suddenly brittle failure damages to the measuring instrument, after the dam overload to 8 times, will test measurement system, continue the overload test, finally the damage, the failure pattern of the model as shown in Figure 16~19 . As shown in the figure above,Under the condition of overload, the failure areas of the model mainly show the toe of the dam and the foundation plane, and the most serious damage occurs at the toe of the dam. The upstream dam foundation is relatively complete, while the downstream dam foundation is seriously damaged, and partial compressive shear failure and spalling occur. From the left and right side of the model, the foundation building surface of the upstream section is relatively flat and smooth, while the foundation building surface of the downstream section is obviously uneven and irregular, and damage occurs at the shallow dam foundation of the downstream section.
Conclusion
The stress and displacement distribution characteristics of cemented sand and gravel dam body were studied by structural model test, and stress and displacement distribution of the dam body were obtained under the conditions of dead weight and normal water level. The results of test and finite element calculation show that the dam body and foundation are under the of dead weight and normal water level, and only a little tensile stress appears at the dam heel. The compressive stress of the dam body and the middle part of the dam foundation is evenly distributed. From the upstream to the downstream, the compressive stress of the dam body and foundation increases gradually, and reaches the maximum at the toe of the dam. The vertical displacement of dam body increases with the increase of dam height, and the horizontal displacement is shown as downstream displacement.
By using the method of water overload, the failure pattern and failure mechanism of the test model are obtained. Under the condition of overload, the horizontal displacement of the dam body is the downstream displacement, and the horizontal displacement of the downstream dam foundation is the upstream displacement. Generally speaking, the foundation surface destruction of the upstream section is relatively flat, the foundation surface de-struction of the downstream section is irregular, and compression shear failure occurs at the downstream dam foundation. With the increase of the overload factor, the pressure stress appears in the downstream dam foundation, and the shallow dam foundation and toe of the downstream dam begin to break. As the failure area increases, the mechanical properties of materials change, which is not enough to provide sufficient anti-slip force, and the failure occurs on the upstream surface.
